Objective High levels of microsatellite instability (MSI-H) have been associated in many studies with improved prognosis in colon cancer. Very few studies have evaluated the effect of MSI-H on rectal cancer survival. We assessed MSI-H and other genetic and epigenetic changes on survival of 990 individuals diagnosed with first primary rectal cancer. Methods MSI was assessed primarily by instability in the mononucleotide repeat BAT-26. The BRAF V600E mutation was assessed by TaqMan assay. The CpG island methylator phenotype (CIMP) was determined by methylation-specific PCR of CpG islands in MLH1, methylated in tumors (MINT)1, (MINT)2, (MINT)31 and CDKN2A. KRAS2 codons 12 and 13 mutations, and TP53 mutations in exons 5-8 were determined by sequencing. Results Multivariate analysis revealed that MSI-H (HRR 2.47, 95% CI 1.13-5.40) and KRAS2 mutations (HRR 1.37, 95% CI 1.04-1.81) were associated with a significantly higher risk of dying of rectal cancer. Only one of 22 MSI-H tumors showed a BRAF V600E mutation. Of 15 MSI-H rectal cancers evaluated for methylation, two exhibited MLH1 methylation and four exhibited CIMP.
Introduction
We and others have previously reported a favorable prognosis associated with high levels of microsatellite instability (MSI-H) in colon cancer [1] [2] [3] [4] . Since microsatellite instability, especially in sporadic colon cancer, is mostly seen in proximal tumors [5] , most of these studies have not specifically evaluated the effect of microsatellite instability on prognosis in more distal tumors, especially those occurring in the rectum. We have also previously reported a relatively poor survival associated with the BRAF V600E mutation in microsatellite stable tumors, although this mutation did not appear to have an effect on the good prognosis seen in unstable tumors [6] . Again, BRAF V600E mutations were mostly seen in proximal tumors [6] , and rectal cancers were not studied. Finally, we have previously reported that TP53 mutations, KRAS2 mutations, and the CpG island methylator phenotype (CIMP) were not associated with a significant impact on survival in colon tumors [6] [7] [8] , but we have not evaluated the effect of these alterations on survival in rectal cancers. We, therefore, have evaluated the effect of all of these genetic and epigenetic changes on survival in a population-based series of 990 rectal adenocarcinomas.
Materials and methods
Study subjects were from a case-control study of rectal cancer conducted in the Kaiser Permanente Medical Care Program of Northern California (KPMCP) and the state of Utah. All eligible cases within these defined areas were identified and recruited for the study, which involved a detailed in-person interview and a blood draw. Case eligibility was determined by the Surveillance, Epidemiology, and End Results (SEER) Cancer Registries in Northern California and in Utah. To be eligible for these studies, participants had to be between 30 and 79 years of age at the time of diagnosis, had to be English speaking, had to be mentally competent to complete the interview, could not have had previous colorectal cancer [9] , and could not have known (as indicated on the pathology report) familial adenomatous polyposis, ulcerative colitis, or Crohn's disease.
Cases with a first primary tumor in the recto-sigmoid junction or rectum were identified between May 1997 and May 2001; tumor block ascertainment and genetic analyses were completed in 2007. Of the 1,265 eligible cases who consented to having their tissue released, we obtained DNA from 1,022 cases (81% of cases). Of the 234 cases from whom we were not able to obtain DNA, insufficient tumor for DNA extraction was present on 75 blocks, and a block was not available for 159 cases. Of the 1,022 rectal cases from whom tumor DNA was obtained, five or more years of survival data and tumor stage information was available for 990 cases.
Formalin-fixed paraffin-embedded blocks were retrieved from biopsies as well as from resections. In some instances, because of radiation and/or chemotherapy prior to resection for rectal cancer, little or no tumor was present in the resection; in those instances, biopsy specimens were used for making tumor DNA. In Utah, blocks were requested for all cases except from those who refused release of blocks. For those who were not interviewed and had not signed a medical record release, the Utah Cancer Registry retrieved the blocks and released them to the study without key identifiers of name, address, and complete date of birth (year and month of birth were released). At the KPMCP, samples were retrieved from persons who signed a consent form or who had died. Detailed methods for collection of tissue have been described [10] . All aspects of this study were approved by the University of Utah and Kaiser Permanente Medical Care Program institutional review boards.
Genetic analysis
Tumor DNA was obtained from paraffin-embedded tissue as described previously [11] . Mutations in exons 5-8 of the TP53 gene and in codons 12 and 13 of KRAS2 gene were determined by sequencing as described previously [7, 8] . Methylation of MLH1, p16, and methylated in tumors (MINTs) 1, 2, and 31 was determined by methylationspecific PCR of sodium bisulfite-modified DNA as described previously [12] . As before, tumors with two or more methylated CpG islands were scored as CIMP positive. At this time, there is no ''consensus'' as to the appropriate CpG island panel or method of detection to determine CIMP. However, we have used our panel to demonstrate significant relationships between CIMP and numerous clinicopathologic variables, including cigarette smoking and the BRAF V600E mutation, which were independent of microsatellite instability [12, 13] . This work has also helped to support the legitimacy of the CIMP concept [14] . The BRAF V600E mutation was determined by a TaqMan assay as described previously [15] . Microsatellite instability (MSI-H) was determined by instability in the mononucleotide repeat BAT-26 (for approximately 95% of the tumors) and by a coding mononucleotide repeat in TGFbRII for the small fraction of tumors in which BAT-26 failed. BAT-26 by itself is a very good measure of generalized instability [16] , and we have shown high correlations between instability in BAT-26 and TGFbRII and the Bethesda consensus panel [17, 18] .
Immunohistochemical analysis
Immunohistochemical analysis for mismatch repair proteins was performed after the other analyses in this study. At that time, blocks from six of the 22 MSI-H rectal cancers were available for immunostaining. Immunohistochemical analysis for MLH1, MSH2, MSH6, and PMS2 was performed as previously described [19] .
Statistical methods
Survival information and tumor stage information were available for 990 individuals with rectal tumors and DNA available for analysis; of these, MSI status was determined for 979 subjects. Survival was evaluated using log-rank statistic p values for differences in 5-year survival based on Kaplan-Meier estimates for mortality due to rectal cancer. Median follow-up time was 68 months. Associations between TP53, KRAS2, MSI, CIMP, and BRAF V600E and risk of dying of rectal cancer were evaluated using Cox proportional hazards models to provide unadjusted and multivariate adjusted hazard rate ratios (HRRs) and 95% confidence intervals (CIs) for age at diagnosis, American Joint Committee on Cancer (AJCC) stage, and other tumor alterations. All data analyses were done using SAS Ò 9.1.2 (SAS Institute, Cary, NC). AJCC stage was categorized as I, II (including IIA and IIB), III (including IIIA, IIIB, and IIIC), or IV.
Results
The effect of stage, MSI, and CIMP and mutations in TP53, KRAS2, and BRAF on survival in rectal cancer is presented in Table 1 . In univariate and multivariate analyses, increasing AJCC stage was associated with decreased survival. In a univariate analysis, KRAS2 mutations and CIMP were associated with a significantly worse percentage 5-year survival and HRR for the risk of dying of rectal cancer. There was also a trend toward a decreased survival associated with MSI and BRAF mutations. [5] , previous studies of MSI and survival probably evaluated relatively few rectal cancers; indeed, our previous study [1] specifically excluded rectal cancers. One previous study did focus exclusively on the relationship between MSI and survival in rectal cancers, and an improved prognosis associated with MSI was reported [20] . In contrast to the current investigation, this study was not population based, and most of the individuals with microsatellite unstable tumors were from the island of Sardinia, a region of extensive inbreeding. These individuals were also treated with adjuvant, rather than neoadjuvant, chemoradiation [20] . One important difference between rectal and colonic tumors with MSI-H is that they appear to differ with respect to the frequency of BRAF mutations, MLH1 methylation, and CIMP. Using our previous study for comparison [12] , MSI-H rectal cancers were much less likely to harbor BRAF mutations (4% vs. 56%), MLH1 methylation (13% vs. 73%), and CIMP (26% vs. 82%) than MSI-H colonic cancers. These genetic and epigenetic alterations are associated with sporadic as opposed to Lynch-associated MSI-H cancers, and our results, therefore, suggest that rectal cancers with MSI-H are probably enriched with Lynchassociated tumors. This also is supported by the limited immunohistochemical results, although tissue for this purpose was only available on a minority of rectal cancers with MSI-H. Of the six tumors, MSI-H cancers (out of a total of 22) assessed by immunohistochemical testing, four showed loss of MSH2 and MSH6, an immunohistochemical profile strongly suggestive of Lynch syndrome. One showed intact expression of all four proteins, a result which is also not typical for sporadic unstable tumors. The only tumor, which did show the immunohistochemical profile most commonly associated with sporadic MSI-H tumors, namely loss of MLH1 and PMS2, did not show BRAF mutations, MLH1 methylation, or CIMP, again more suggestive of Lynch-associated disease rather than a sporadic MSI-H cancer. The notion that Lynch-associated cancers might be over-represented in rectal MSI-H cancers is not surprising, as while both sporadic and Lynch-associated MSI-H tumors are predominantly proximal, it has long been observed that sporadic unstable tumors are more uniformly right-sided [5] .
It is not clear, however, why a difference in frequency of sporadic vs. Lynch-associated tumors in colonic and rectal MSI-H cancers should lead to the apparent survival difference. Lynch-associated cancers have also been reported to be associated with an improved survival, although this was recently questioned [21] . One possible explanation involves the fact that rectal cancers are often treated with pre-operative chemotherapy and radiation. Although only limited treatment information is available from this retrospective study, we do know that at least eleven of the 22 individuals with MSI-H rectal cancers received either preoperative radiation or chemotherapy, and that seven of these individuals received both. It is possible that Lynchassociated cancers do not respond as well to one or both of these treatment modalities.
It is also possible that MSI-H tumors in general do not respond well to radiation; since this treatment is rarely used in nonrectal cancers, the use of radiation could explain the apparent survival difference in these locations. Studies on cell lines with MSI, however, have suggested an increased sensitivity to radiation [22, 23] . An MLH1 knockout mouse model did show increased tumor growth as a late effect of radiation, suggesting the possibility of an increased risk of secondary cancers in individuals with Lynch syndrome treated with radiation [24] .
There is also evidence that the traditional chemotherapeutic agent for colorectal cancer, 5-flourouracil, may not be effective (and may even be harmful) in MSI-H cancers [25] [26] [27] , although this would not be expected to lead to a difference in survival between rectal and colonic MSI-H cancers.
We and others have previously reported a decreased survival associated with BRAF mutations; in our study, this was limited to microsatellite stable cancers [6, 28] . This decrease in survival was not seen in rectal cancer, although power may have been a limiting factor. A small increase in rectal cancer death was associated with KRAS2 mutations, an association which was not seen in colon tumors [8] . TP53 mutations, as in colon cancer, did not have an effect on survival in rectal cancer [7] . Strengths of this study are its large size, and the fact that it is population based. A potential weakness is the relatively small number of rectal MSI-H cancers available for investigation; although the entire study of nearly 990 rectal cancers is quite large, MSI in these tumors is rare. Studies in other populations are therefore necessary to assess the reproducibility of these results. In summary, MSI-H in rectal cancers, in contrast to colonic MSI-H cancers, appears to be an adverse prognostic factor. This may be related to a relatively high frequency of Lynch-associated cancers in rectal MSI-H tumors and/or the effect of radiation or chemotherapy on Lynch-associated cancers or MSI-H tumors in general.
